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ABSTRACT
Anhydrosugars including levoglucosan and mannosan are the most effective organic tracers for biomass
burning aerosol in the atmosphere. In this study, to investigate the contribution of biomass burning emissions
to the aerosol burden in the Pearl River Delta (PRD) region, China, 24-hour integrated PM2.5 samples were
collected simultaneously at four locations, (i) Guangzhou (GZ), (ii) Zhaoqing (ZQ) in Guangdong province,
(iii) Hok Tsui (HT) and (iv) Hong Kong Polytechnic University (PU) in Hong Kong, in four seasons between
2006 and 2007. Levoglucosan and mannosan, together with water-soluble inorganic ions and water-soluble
organic carbon (WSOC), were determined to elucidate the seasonal and spatial variations in biomass burning
contributions. The concentrations of levoglucosan and mannosan were on average 82.49123 and 5.89
8.6ng m
3, respectively. The WSOC concentrations ranged from 0.2 to 9.4mgm
3, with an average of
2.191.6mgm
3. The relative contributions of biomass burning emissions to OC were 33% in QZ, 12% in GZ,
4% at PU and 5% at HT, respectively, estimated by the measured levoglucosan to organic carbon ratio (LG/
OC) relative to literature-derived LG/OC values. The contributions from biomass burning emissions were in
general 1.72.8 times higher in winter than those in other seasons. Further, it was inferred from diagnostic
tracer ratios that a significant fraction of biomass burning emissions was derived from burning of hard wood and
likely also from field burning of agricultural residues, such as rice straw, in the PRD region. Our results highlight
the contributions from biomass/biofuel burning activities on the regional aerosol budget in South China.
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1. Introduction
It is well documented that biomass burning emissions
contribute a large fraction of carbonaceous aerosol on a
global scale and exert significant impacts on air quality,
human health and climate. In particular, the continent of
Asia is a large source of biomass burning, including forest
fires, prescribed burns, crop residue burning and domestic
biofuel use for cooking and heating (Streets et al., 2003;
Yevich and Logan, 2003; Gadde et al., 2009). Aerosols
derived from biomass burning emissions consist of a com-
plex mixture of inorganic and organic compounds, of which
water-soluble organic compounds (WSOC) are one of the
major fractions, which can alter the hygroscopicity of aero-
sols and influence the formation and lifetime of clouds
(Saxena et al., 1995; IPCC, 2001; Temesi et al., 2003; Viana
et al., 2007). The physicochemical and optical properties of
biomass burning aerosol vary depending on fuel types and
combustion conditions.
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(page number not for citation purpose)Source apportionment of specific types of pollutant emis-
sions can be achieved by the quantification of molecular
markers (aka tracers) in combination with the use of
emission factors (i.e. source profiles). Water-soluble non-
sea salt potassium (nss-K
) has been widely used to assess
contributions of biomass/biofuel burning emissions to
ambient aerosol, although cooking and vegetation emis-
sions also produce nss-K
 (Lawson and Winchester, 1979;
Morales et al., 1996; Schauer et al., 1999, 2002). On the
contrary, organic molecular tracers can provide more
accurate source information, although they may be subject
to degradation during transport between the source regions
and receptor sites. Many organic species have been pro-
posed and utilised as tracers for biomass burning derived
aerosols, including retene, methoxy phenols, resin acids
and anhydrosugars (Ramdahl 1983; Simoneit et al., 1993;
Simpson et al., 2005). The latter are the most commonly
used tracers, including levoglucosan, mannosan, and
galactosan, which are produced from thermal degradation
of cellulose and hemicellulose (Shafizadeh et al., 1979;
Simoneit et al., 1999). In the case of significant influence
of biomass burning emissions on the ambient aerosol,
these compounds are typically the most abundant organic
aerosol constituents, allowing reliable detection even in
samples with low particle loadings. In addition to being
unique tracers for biomass burning and having high abun-
dance, the anhydrosugars have been shown to be rela-
tively stable under various atmospheric conditions such
as strong solar radiation and low pH values (Fraser and
Lakshmanan, 2000). However, recent laboratory investiga-
tions revealed the potential degradation of levoglucosan
in aqueous solution in the presence of strong oxidants
(e.g. OH radical), resulting in reduced life times of this
tracer (Hennigan et al., 2010; Hoffmann et al., 2010).
Nevertheless, the anhydrosugars can be used for semi-
quantitative or conservative quantitative assessments of
biomass burning influence. Moreover, the relative abun-
dance of individual anhydrosugars has been suggested to
be an indicator of specific types of burned biomass (e.g.
Engling et al., 2009).
The Pearl River Delta (PRD) region in southern China
covers nine prefectures of Guangdong province, namely
Guangzhou (GZ), Shenzhen, Zhuhai, Dongguan, Zhongshan,
Foshan, Huizhou, Jiangmen, and Zhaoqing (ZQ), as well
as the Special Administrative Regions of Hong Kong
and Macau. This region has a population of 40 million.
Its climate is mainly dominated by the Asian monsoon,
with a northerly wind prevailing in winter and a southerly
wind prevailing in summer. Therefore, the PRD region is
a perfect location to capture the signals of biomass burn-
ing emissions from the upwind source regions. Although
levoglucosan and mannosan concentrations have been re-
ported in the PRD region in previous studies (e.g. Zhang
et al., 2010b, 2012; Sang et al., 2011), their seasonal and
spatial variations have not yet been studied.
The reported concentrations of levoglucosan in atmo-
spheric aerosols vary dramatically, ranging from a few
ng m
3 at an oceanic background site (Simoneit et al.,
2004) to over 40mgm
3 under the influence of wildfire
emissions (Pashynska et al., 2002). In this paper, we present
the measurement results of levoglucosan and mannosan,
together with water-soluble inorganic ions and WSOC, in
PM2.5 samples collected simultaneously at four sampling
locations in the PRD region on selected dates throughout
a 1-yr period (20062007). The sampling was classified
into four seasons: spring (March, April, and May), summer
(June, July, August, and September), autumn (October
and November), and winter (December, January, and
February). Our findings highlight the importance of con-
tributions from biomass burning activities on the regional
aerosol budget in South China.
2. Experimental methods
2.1. Sample collection
A total of four sampling sites were selected in the PRD
region, namely (i) Sun Yat-Sen University in GZ, (ii)
Zhaoqing University (ZQ) in ZQ, (iii) Hok Tsui (HT), and
(iv) Hong Kong Polytechnic University (PU) in Hong
Kong (Fig. 1). These four sites are representatives of dif-
ferent geographical characteristics (urban: GZ; semi-rural:
ZQ; rural: HT; and roadside: PU). The descriptions of the
sampling sites are shown below:
GZ: This site was on the roof (15m) of a building on the
main campus of Sun Yat-Sen University. It represents an
urban monitoring site.
ZQ: The site was near the Star Lake scenic spot. It
was located on a rooftop (10m) at the campus of ZQ
University, which is surrounded by an agricultural area
(with occasional agricultural residue burning).
HT: The site was located at the southern tip of Hong
Kong Island where the least anthropogenic pollution is
expected. This is thus considered as a rural monitoring
station.
PU: The site was located adjacent (1m) to Hong Chong
Road, which leads to the Cross Harbor Tunnel. It can
represent street-level emissions from vehicular exhaust.
Twenty four-hour integrated PM2.5 samples were col-
lected at the four sampling sites concurrently every sixth
day from 14 August 2006 to 28 August 2007. A total of 208
valid samples were obtained for chemical analyses. The
PM2.5 was collected on pre-fired (8008C, 3 h) quartz micro-
fibre filters (Whatman, Clifton, NJ) with medium-volume
samplers at a flow rate of 113L min
1. The sampling flows
were checked before and after sampling with a mass
2 K. F. HO ET AL.flowmeter (Model 4040, TSI, Shoreview, MN). The aero-
sol-loaded filters were stored in a refrigerator at 48C until
chemical analysis to prevent loss of volatile components.
Approximately 5% field blanks were collected to correct
for positive artefacts that may result from adsorption
of gas-phase organic compounds onto the filters during
and/or after the sampling, and to account for any other
influence during sampling, transport, storage, and filter
analysis.
2.2. Anhydrosugar quantification by HPAEC
A portion (2.2cm
2) of each quartz fibre filter was extracted
with 3.0mL of de-ionised water ( 18.2MV cm) under ultra-
sonic agitation for 60 min. The water-extracts were passed
through syringe filters (0.45mm, Pall Corporation, NY,
USA) to remove insoluble materials. All extract solutions
were stored at 48C until sample analysis. Anhydrosugars
(e.g. levoglucosan and mannosan) were separated, identi-
fied and quantified by high-performance anion exchange
chromatography coupled with pulsed amperometric detec-
tion (HPAEC-PAD). The detailed description of the ana-
lytical method can be found elsewhere (Engling et al., 2006;
Iinuma et al., 2009). Briefly, a Dionex ICS-3000 system
was employed, consisting of a dual pump module, dual
conductivity detector/chromatography compartment and
autosampler. The separation of the carbohydrate species
was carried out on a Dionex Carbopac MA1 analytical
column (2504mm) equipped with a guard column. Aqueous
solution of sodium hydroxide (NaOH, 480mM) was used
as eluent at a flow rate of 0.4mL min
1. The method
detection limits (MDL) for the individual analytes ranged
from 0.04 to 0.7ng m
3. Nearly quantitative (100%)
extraction was achieved by analysis of filters spiked with
known concentrations of analytes. None of the carbohy-
drate species were detectable in the blank samples.
2.3. Inorganic ion measurement by IC
The common inorganic ions (three anions: Cl
,N O
 
3 and
SO
2 
4 ; and five cations: Na
,N H
þ
4 ,K
,M g
2 and Ca
2)
were determined in the same water-extracts as those
Fig. 1. Map showing locations of the four sampling sites in the PRD region (GZ: Guangzhou; ZQ: Zhaoqing University in Zhaoqing;
HT: Hok Tsui; and PU: Hong Kong Polytechnic University in Hong Kong).
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ion chromatograph (IC) that was composed of the same
components as the HPAEC system but equipped with a
conductivity detector. Cations were separated on an Ionpac
CS12 analytical column (2504mm) and CG12 guard
column with 20mM methanesulfonic acid (MSA) eluent at
a flow rate of 1.0mL min
1. Anions were separated by
an Ionpac AS14 (2504mm) and AG14 guard column
with an eluent consisting of 4.5mM Na2CO3 and 1.4mM
NaHCO3 at a flow rate of 1.2mL min
1. Field blanks were
used to correct for residual amounts of the water-soluble
inorganic ions in the quartz filters, and the data presented
here are corrected by the field blanks.
2.4. WSOC analysis
For analysis of the WSOC fraction, five punches (with a
total area of 2.63cm
2) were taken from each filter and
placed into a 15mL screw-capped vial to which 10mL of
de-ionised water was added. Samples were extracted in
a sonication bath for 1 h. Filter debris and suspended
insoluble particles were removed from the water-extracts
using a syringe filter (0.2 mm PTFE membrane) (Decesari
et al., 2006). Each filtered extract was then transferred
into a clean auto-sampler fitted vial and analysed for total
organic carbon (TOC) using a Shimadzu TOC-V CPH
high-sensitivity Total Carbon Analyzer (Columbia, MD).
The MDL for the method was 0.01mgm
3, with a
precision of 95%.
2.5. OC/EC analysis
The OC and elemental carbon (EC) were measured on
a 0.526cm
2 punch from each filter by thermal optical
reflectance (TOR) following the IMPROVE protocol with
a DRI Model 2001 Thermal/Optical Carbon Analyzer
(Atmoslytic Inc., Calabasas, CA) (Cao et al., 2003; Chow
et al., 2004, 2005). This produced four OC fractions in a
pure helium (He) atmosphere, a pyrolysed carbon fraction
[OP, determined when reflected laser light attained its
original intensity after oxygen (O2) was added to the
combustion atmosphere], and three EC fractions n a 2%
O2/98% He atmosphere. The IMPROVE OC is operation-
ally defined as OC1OC2OC3OC4OP, whereas
the EC is defined as EC1EC2EC3-OP. The MDL for
the carbon analysis were 0.8 and 0.4mgC cm
2 for the OC
and EC, respectively, with a precision better than 10% for
total carbon.
2.6 Fire count and backward trajectory model
Fire counts detected by Moderate Resolution Imaging
Spectroradiometer on NASA satellites (available at http://
maps.geog.umd.edu/firms/maps.htm) were used to identify
the geographical hot spots of biomass burning activities
with a horizontal resolution of 11km
2.
In order to identify the source regions of long-range trans-
ported air masses reaching South China, 2-d backward air
mass trajectories were calculated with the HYSPLIT model
(available at http://ready.arl.noaa.gov/HYSPLIT.php) for
each sampling period. The FNL (Final Operational Global
Analysis) meteorological data were chosen as the input,
with 100m above ground level as the starting heights of
the trajectories. The backward trajectories were computed
at 20:00 UTC of each sampling day, corresponding to the
time when filters were typically changed.
3. Results and discussion
3.1 Spatial distribution of anhydrosugars
Spatial variations of WSOC and anhydrosugar (levoglucosan
and mannosan) concentrations in PM2.5 are shown in
Table 1. The WSOC concentrations ranged from 0.2 to
9.4mgm
3, with an average of 2.191.6mgm
3 in the
PRD region. Among the four sampling sites, the average
Table 1. Concentrations (including one standard deviation and range) of anhydrosugars (in ng m
3) and WSOC in PM2.5 (in mgm
3)a t
the four sampling sites in the PRD region
Sampling sites
Average (range) GZ ZQ PU HT Overall PRD region
Levoglucosan 59.3960.5
(0.7293.9)
208.19162.7
(5.1621.3)
35.8974.9
(b.d.496.0)
26.1959.5
(0.7376.4)
82.49123.2
(b.d.621.3)
Mannosan 4.094.9
(b.d.23.4)
13.5911.5
(b.d.43.7)
2.795.7
(b.d.36.0)
2.995.4
(b.d.31.0)
5.898.6
(b.d.43.7)
WSOC 2.091.2
(0.45.4)
3.192.1
(0.59.4)
1.891.1
(0.44.9)
1.391.1
(0.24.4)
2.191.6
(0.29.4)
b.d., below detection limit; WSOC, water-soluble organic compounds; PRD, Pearl River Delta; GZ, Guangzhou; ZQ, Zhaoqing; PU,
Polytechnic University; HT, Hok Tsui.
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3), which
can be attributed to a mixed contribution from both nearby
emission sources and secondary formation processes. These
findings indicate that high level of WSOC also exists in
the suburban and rural areas of GZ. The lowest average
WSOC concentration was found at HT (1.391.1mgm
3),
which is due to the lack of significant primary emission
sources and secondary organic aerosol (SOA) precursors
near the sampling site. This observation is consistent with pre-
vious measurements of low levels of OC in PM2.5 at this loca-
tion (Huang et al., 2012). The levoglucosan and mannosan
concentrations exhibited large variations among the four
sites. The concentrations of levoglucosan ranged from below
MDL to 621ng m
3, with an average of 82.4912.3ng m
3,
while the concentrations of mannosan ranged from below
MDL to 43.7ng m
3, with an average of 5.898.6ng m
3.
The levoglucosan concentrations at the four measurement
sites ranked in the ascending order HT:PUBGZBZQ,
while the mannosan concentrations ranked in the order
HTPU BGZ BZQ. The samples collected at the four
PRD sites were found to be influenced by local biomass
burning activities and biomass burning emissions trans-
ported from nearby regions (see Section 3.2 for further
discussion). The lower values in Hong Kong might be
explained by the lack of large scale of biomass burning
and biofuel usage in the Hong Kong territory (Sang et al.,
2011). The highest anhydrosugar concentrations were
observed at the semi-rural site ZQ (levoglucosan: 2089
163ng m
3; mannosan: 13.5911.5ng m
3), indicating
frequent biomass burning activities during the measure-
ment period. The anhydrosugar concentrations at HT
(levoglucosan: 26.1959.5ng m
3; mannosan: 2.995.4
ng m
3) were lower than those at all other sites. HT is
situated away from the urban district of Hong Kong and is
predominantly influenced by the East Asian monsoon, which
is characterised by southsoutheasterly or northeasterly
winds from the South China Sea and northwestern Pacific
during winter/spring and summer/autumn, respectively.
The significant dilution and dispersion during the long-
range transport of aerosols from the source regions to the
Hong Kong measurements sites could be an explanation
for the low levels of anhydrosugars.
The levoglucosan to OC ratio (LG/OC) has been used to
estimate contributions from biomass burning to OC mass
(e.g. Zdrahal et al., 2002; Puxbaum et al., 2007; Zhang
et al., 2010a). In this study, LG/OC ratios were fairly high,
ranging from 0.0001 to 0.120 with an average of 0.0119
0.016 (Table 2). The average LG/OC ratios in Hong Kong
(PU: 0.00390.004; HT: 0.00490.007) were lower than
those found in Guangdong province (GZ: 0.00990.014;
ZQ: 0.02690.021). The low LG/OC ratio may also be
partly due to potential degradation of levoglucosan during
long-range transport. Moreover, local biomass/biofuel com-
bustion activities rarely occur in Hong Kong. Mannosan
was detected in the cases of enhanced levoglucosan levels,
whereas mannosan was below MDL in most of the other
samples. Nevertheless, the ratios observed in this study
were within the range of previous findings in Hong Kong
and Hainan (Zhang et al., 2012).
Zhang et al. (2010b) utilised a simplified receptor-based
approach to estimate biomass burning contributions to
ambient aerosol at an urban PRD site. Such an approach
requires the specific tracer molecules (e.g. levoglucosan) to
be stable in the atmosphere during transport and to be
removed at the same rate with their counterparts (i.e. OC
or PM2.5). Although levoglucosan degradation was ob-
served in recent laboratory experiments (Hennigan et al.,
2010; Hoffmann et al., 2010), this is still a useful, yet
simple, method to assess the impact of biomass burning
due to the presence of considerable amounts of levogluco-
san in biomass burning aerosol. It is important to note,
however, that due to its highly polar character, differential
washout of levoglucosan relative to bulk OC during long-
range transport cannot be ruled out, which might cause
a shift in the LG/OC ratio, thus affecting the estimated
source contributions to some extent. Another critical step
Table 2. Average (and associated standard deviation) of ratios of analysed species at the four sampling sites in the PRD region
Sampling sites
Average (standard deviation) GZ ZQ PU HT Overall PRD region
LG/OC 0.009 (0.014) 0.028 (0.020) 0.003 (0.004) 0.004 (0.007) 0.011 (0.016)
Contribution of biomass burning to OC* (%) 11.5 (17.1) 32.6 (21.1) 3.8 (5.4) 4.9 (8.5) 13.1 (17.9)
LG carbon /WSOC (%) 1.65 (2.06) 3.12 (1.95) 0.69 (0.96) 0.59 (0.91) 1.50 (1.85)
MN carbon /WSOC (%) 0.12 (0.18) 0.22 (0.17) 0.06 (0.08) 0.09 (0.10) 0.12 (0.15)
*Here, the contributions of biomass burning to OC were calculated using the following equation: contribution of biomass burning
emissions to OC  (LG/OC)measured/(LG/OC)reference, while ‘(LG/OC)reference’ refers to the emission factor of levoglucosan based on OC
emissions derived from biomass burning chamber studies (Zhang et al., 2007).
WSOC, water-soluble organic compounds; PRD, Pearl River Delta; GZ, Guangzhou; ZQ, Zhaoqing; PU, Polytechnic University; HT,
Hok Tsui; LG/OC, levoglucosan to organic carbon.
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this receptor-based approach, is the selection of suitable,
that is, representative, LG/OC ratios. While levoglucosan
emission factors can be obtained from various chamber/lab
combustion studies, as shown in Table 3, only few source
profiles have been established for Asian and particularly
Chinese biomass burning processes. Here, we used the
average emission factor of 8.2% (LG/OC) reported by
Zhang et al., 2007, for typical biomass species commonly
burned in South China in combination with the LG/OC
ratios measured in our samples, to estimate the contribu-
tions of biomass burning emissions to the ambient OC in
the PRD region. The contributions of biomass burning emis-
sions to OC at ZQ (32.6921.1%) and GZ (11.6917.1%)
were significantly higher than those at PU (3.895.4%) and
HT (4.998.5%) in Hong Kong (see Table 2), consistent
with the more common and intensive biomass burning
activities in Guangdong province. Using the same LG/OC
ratio (Zhang et al., 2007), the calculated biomass burn-
ing contribution at HT (5% of OC) was close to that from
a previous study at the same site (Zhang et al., 2012).
However, the contributions in ZQ (33% of OC) were more
than twice that in Beijing (14%), likely due to the extensive
burning activities in the rural areas of Guangdong pro-
vince. It should be noted that the main energy source in
the rural regions of China are still biofuels, including crop
residues and fuel wood (Yan et al., 2006). A recent study
using the isotope mass balance model based on D
14C-black
carbon (BC) values showed that the contribution of biomass
burning to BC was  20% across East Asia (Chen et al.,
2013). This is in good agreement with our study using
a tracer-based method. The total amount of dry matter
subjected to combustion (open field burning of crop resi-
dues and domestic biofuel combustion) was estimated
to be 17.534.4Tg for the three southwestern provinces
(Guangxi, Guizhou and western part of Guangdong) and
1324Tg for the three southeastern provinces (Jiangsu,
Fujian and east Guangdong) in 2000 (Yan et al., 2006),
which illustrates the potential large influence of biomass
burning aerosol.
Table 2 presents the spatial variations of the anhydro-
sugar fractions in WSOC (on a carbon/carbon basis).
Levoglucosan carbon constituted on average 1.591.9%
of WSOC (range 0.0112.8%). In contrast, the contribution
of mannosan carbon to WSOC was 10 times lower, with an
average of 0.1290.15% (range 0.0050.91%). Among the
four sampling sites, levoglucosan and mannosan contrib-
uted the highest fractions to WSOC in ZQ (levoglucosan:
3.192.0%; mannosan: 0.2290.17%), followed by GZ
(levoglucosan: 1.792.1%; mannosan: 0.1290.18%), PU
(levoglucosan: 0.6990.96%; mannosan: 0.0690.08%), and
HT (levoglucosan: 0.5990.91%; mannosan: 0.0990.10%).
Such patterns further demonstrate that biomass burning
activities at ZQ and GZ were much larger than those at PU
and HT.
Table 3. Levoglucosan to OC (LG/OC) ratios, obtained from controlled (chamber/lab) biomass burning studies
Location PM size Biomass type Combustion facility LG/OC (%) Reference
PRD, China 2.5 Rice, corn, wheat straw Chamber 8.3 Zhang et al., 2007
Bangladesh 2.5 Rice straw, cow dung, leaves Stove 4.3 Sheesley et al., 2003
USA 2.5 Rice straw Chamber 7.9 Hays et al., 2005
USA 2.5 Agricultural residues Fireplace 3.7 Mazzoleni et al., 2007
Taiwan 2.5 Rice straw Chamber 7.6 Sullivan, et al., 2008
Thailand 2.5 Rice straw Field 16.8 Kim Oanh et al., 2011
USA 2.5 Wheat straw Chamber 7.9 Dhammapala et al., 2007
Austria 10 Leaves Chamber 3.3 Schmidl et al., 2008a
Table 4. Seasonal average tracer concentrations (in ng m
3) and contribution of biomass to OC (%) in the PRD region
Seasons
Spring Summer Autumn Winter
Levoglucosan 61.3979.3 38.6958.0 84.89108.4 166.49184.7
Mannosan 4.996.1 2.494.0 4.395.3 12.6912.9
WSOC (in mgm
3) 1.590.9 1.591.1 3.091.9 2.891.7
LG/OC 0.01090.012 0.00690.010 0.01190.018 0.01990.022
Contribution of biomass burning to OC (%) 12.7914.4 7.6912.6 13.0921.8 21.6923.1
WSOC, water-soluble organic compounds; PRD, Pearl River Delta; LG/OC, levoglucosan to organic carbon.
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Seasonal variations of anhydrosugars (levoglucosan and
mannosan), together with WSOC, are illustrated in Table 4.
The WSOC concentrations were  1.82.9 times higher in
autumn/winter than those in spring/summer, which showed
a similar seasonal trend to a previous year-round study in
Asia (Kirillova et al., 2013). The lower WSOC concentra-
tions in summer are possibly due to enhanced thermal con-
vection, associated with the influence of the Asian monsoon.
The southwesterly summer monsoon carries cleaner air
from the oceans (the South China Sea and tropical Pacific
Ocean), while the northeasterly winter monsoon brings
polluted air masses from Mainland China. This indicates
that land-based emissions dominated WSOC levels over the
PRD region. The increases in aerosol emissions and the
occurrence of stable atmospheric conditions in winter most
likely caused the enhanced WSOC concentrations in this
season. The concentrations of levoglucosan and mannosan
were 61.4, 38.6, 84.8 and 166ng m
3 and 4.86, 2.42, 4.25,
12.6ng m
3 in spring, summer, autumn and winter, res-
pectively. The elevated concentrations of anhydrosugars
in winter indicate the impact of biomass burning emissions
on the aerosol burden in the PRD region during winter.
Seasonal variations of LG/OC ratios are shown in
Table 5. Among all the sites, ZQ, PU and HT had the
Table 5. Seasonal average LG/OC ratios in the PRD region
Sampling sites
Seasons GZ ZQ PU HT
Spring 0.008 0.025 0.005 0.004
Summer 0.005 0.020 0.001 0.001
Autumn 0.018 0.021 0.002 0.002
Winter 0.012 0.044 0.006 0.011
PRD, Pearl River Delta; GZ, Guangzhou; ZQ, Zhaoqing; PU,
Polytechnic University; HT, Hok Tsui; LG/OC, levoglucosan to
organic carbon.
Fig. 2. Fire counts during the sampling periods in four seasons (the ﬁre spot data were retrieved from NOAA Satellite and Information
Service website).
SEASONAL VARIATIONS OF ANHYDROSUGARS IN PM2.5 7highest LG/OC ratios in winter (0.044, 0.006, 0.011, res-
pectively) followed by spring (0.025, 0.005, 0.004, respec-
tively). However, in GZ, the highest LG/OC ratio was
observed in autumn (0.018), followed by winter (0.012).
The calculated relative contributions from biomass burning
emissions to OC in PM2.5 are listed in Table 4. The biomass
burning contributions were 12.7914.4%, 7.6912.6%
13.0921.8% and 21.6923.1% in spring, summer, autumn
and winter, respectively. LG (carbon) relative to WSOC
values also showed the same seasonal pattern, with the
highest value in winter (2.29) and lowest values in summer
(0.93) at all measurement sites except GZ.
Extensive biomass burning activities were detected in
South China (mainly in the western part of Guangdong
and the southeast China coastal provinces) during winter,
as reflected in the satellite-derived fire counts (Fig. 2). Such
large-scale burning near the PRD region resulted in sig-
nificant regional build-up of aerosol pollution. In contrast,
during spring and summer time, biomass burning activities
were apparent in Southeast Asia/Philippines and Indonesia,
respectively (Fig. 2). The highest anhydrosugar levels were
observed in winter due to agricultural burning activities
near the PRD region.
In order to investigate the transport and the source region
of air pollutants, 3-d air mass back trajectory analyses were
conducted using the NOAA HYSPLIT model (Hybrid
Single-Particle Lagrangian Integrated Trajectory, NOAA/
ARL) with a starting elevation of 500m. In winter and
autumn, prevailing northeasterly wind brings polluted air
masses from southeast China coastal areas, across the PRD
region before reaching Hong Kong (Fig. 3). The 3-d
backward air mass trajectories show that, when the highest
levoglucosan levels were recorded at the sampling sites, the
polluted air masses originated from South China, that is,
from the southeast China coastal provinces on 28 December
2006 and 10 January 2007, and the northern part of
Guangdong on 28 January 2007. The observations of
enhanced WSOC and anhydrosugar levels were associated
with air masses passing over the fire spots, indicating that
the pollutants in the PRD region were likely influenced
Fig. 3. Three-day backward air mass trajectories at Hok Tsui in four seasons [back trajectory analyses were conducted using the NOAA
HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated Trajectory, NOAA/ARL)].
8 K. F. HO ET AL.by biomass burning emissions from the southern part of
Guangdong and the southeast China coastal regions. In
contrast, low anhydrosugar concentrations were found in
summer, when prevailing southwesterly/easterly winds
bring warm and damp air masses from the South China
Sea through Hong Kong to the PRD region.
In this study, ZQ, PU and HT had the second highest
LG/OC ratio and biomass burning contributions in spring.
Figure 3 shows the 3-d backward trajectories of air masses
reaching the sampling sites (at 500m above ground level)
during the sampling period in spring. It can be clearly seen
from the trajectories that the biomass burning-rich air
masses originated from the southeast China coastal pro-
vinces where fire spots were detected by satellite (especially
in March and April 2007). However, during March and
April 2007, extensive fire activities were observed in the
SE Asian subcontinent and the Philippines as well, as
illustrated in the 7-d fire count maps. For example, the air
masses arriving on 31 March 2007 originated from the
South China Sea and passed over the northern part of
the Philippines before reaching the ZQ site. Although
the levoglucosan concentration was only 124ng m
3, the
biomass burning contribution was 37% at ZQ during this
episode, which was up to 185 times higher than those at
the other three sites, where the air masses originated from
the South China Sea. This indicates that ZQ was impacted
by biomass burning emissions derived from the Philippines,
besides local emission sources.
3.3. Relationship between anhydrosugars and other
components
Figure 4 shows the positive correlation of the WSOC with
levoglucosan at ZQ (r0.70), indicating that biomass
burning was one of the major sources for WSOC in ZQ.
Poor correlations between WSOC and levoglucosan were
observed at the GZ urban site, indicating that WSOC did
not have significant contributions from biomass burning at
this location. Table 6 shows the correlation coefficients
between WSOC and levoglucosan concentrations in the
four seasons. The correlations in autumn (r0.74) and
winter (r0.73) were slightly higher than that in summer
(r0.64), further suggesting that the impacts of biomass
burning emissions in autumn and winter were greater than
those in summer.
Potassium and levoglucosan are commonly used as source
tracers for biomass burning activities (Andreae and Merlet,
2001). Non-sea-salt potassium (nss-K
,C nss-K
 CK

0.0355*CNa
 ) (Lai et al., 2007 and references therein) con-
centrations were used to exclude the influence of potassium
derived from sea-salt. In a previous study, good correlation
between nss-K
 and levoglucosan in PM10 was observed
in GZ (daytime: r0.89; nighttime: r0.88) (Sang et al.,
2011). Significant build-up of nss-K
 and levoglucosan con-
centrations was observed during the two biomass burning
episodes in this study. The temporal variation and correla-
tion plot of nss-K
 and levoglucosan in ZQ during the
measurement period are shown in Fig. 5. The concentra-
tions of nss-K
 varied between 0.06 and 2.79mgm
3
(mean 1.07mgm
3). It is noteworthy that enhancements
in both nss-K
 and levoglucosan concentrations at ZQ
were observed during the episode days (2, 8 and 14
November 2006 as well as 4, 10 and 16 January 2007).
Fair correlations between levoglucosan and nss-K
 were
observed at ZQ (r0.60) and PU (r0.60), while the corre-
lations at GZ and HT were rather poor, indicating there
Fig. 4. Correlation between WSOC and levoglucosan concen-
trations at ZQ.
Table 6. Correlation coefﬁcients between levoglucosan and WSOC or nss-K
 concentrations in the four seasons
Species Correlations Spring Summer Autumn Winter
LG-WSOC Pearson correlation (r) 0.70 0.64 0.74 0.73
Sig. (2-tailed) (p) 0.000 (pB0.01) 0.000 (pB0.01) 0.000 (pB0.01) 0.000 (pB0.01)
Number of samples 50 71 35 53
LG-nss-K
 Pearson correlation (r) 0.72 0.52 0.78 0.72
Sig. (2-tailed) (p) 0.000 (pB0.01) 0.000 (pB0.01) 0.000 (pB0.01) 0.000 (pB0.01)
Number of samples 50 71 35 53
SEASONAL VARIATIONS OF ANHYDROSUGARS IN PM2.5 9were other potassium sources at these sites. It should be
noted that the correlations between nss-K
 and levoglu-
cosan in spring (r0.72), autumn (r0.78) and winter
(r0.72) were higher than in summer (r0.52) (Table 6).
Strong correlations (r0.95) were observed between
levoglucosan and mannosan at the four sampling sites,
suggesting that both species were derived from the same
sources, mainly biomass burning emission.
The ratio of levoglucosan to mannosan (LG/MN) has been
proposed as an indicator for different biomass fuel types
(Engling et al., 2009). For example, LG/MN ratios were
found to be moderately high for hardwoods (ratio 1415)
Fig. 5. Temporal variation (a) and correlation plot (b) of two biomass burning tracers (nss-K and levoglucosan) in ZQ during the
measurement period.
10 K. F. HO ET AL.and low (ratio 35) for softwoods in Austria (Schmidl
et al., 2008b), while a higher LG/MN ratio of 27 was
obtained from controlled field burning of rice straw
(Engling et al., 2009). In this study, LG/MN ratios were
relatively high, ranging from 0.43 to 56.9 with an average
of 14.797.9, indicating that the biomass burning aerosol
was likely affected by a mixture of biomass burning
emissions including burning of hard wood and/or agricul-
tural residues such as rice straw as well as some other plant
materials (e.g. leaves, weeds).
3.4. Comparison of levoglucosan levels with other
Asian cities
The levoglucosan concentrations measured in this study
were compared with those reported for other Asian cities
in recent studies (Table 7). The studies in China mainly
focused on megacities, for example, Beijing, and Hong Kong
(Zhang et al., 2008; Sang et al., 2011), and no seasonal and
spatial distributions were reported so far. Yang et al. (2012)
related fungal tracers to biomass burning emissions and
found that the concentration of levoglucosan in PM2.5 was
on average 79.6ng m
3 at Chengdu City in the Sichuan
Basin. The value was close to the lowest level in PM10
measured in Beijing, ranging from 60 to 1960ng m
3
(Zhang et al., 2008). In contrast, lower levoglucosan concen-
trations were often observed in northern Asian countries,
which were as low as 16ng m
3 in Sapporo, Japan
(Aggarwal and Kawamura, 2009) or ranged from 1.42 to
66.13ng m
3 in Incheon, Korea (Choi et al., 2012). Due to
large numbers of forest fires and biomass burning events
in southern and southeastern Asia, the concentrations of
levoglucosan were often much higher and even reached
some mgm
3. For example, Latif et al. (2011) reported that
the levoglucosan concentrations in an agricultural area
ranged from 39.2 to 40.2mgm
3 in Bangi, Malaysia.
An average of 4.95mgm
3 was also observed in the sub-
urban area of Bangi (south of Kuala Lumpur) (Latif et al.,
2011). The concentrations of levoglucosan at urban sites in
other Southeast Asian countries (e.g. Thailand, Tsai et al.,
2010) were also higher than those measured in the PRD
region.
4. Summary and conclusions
This study reports for the first time the seasonal and spatial
variations of anhydrosugars in the PRD region, China. The
biomass burning aerosols in ZQ and GZ were mainly
derived from local biomass burning activities, while at PU
and HT they were mainly advected from South/Southeast
Asia. Contributions of biomass burning emissions to
TOC mass were as high as 33%, specifically during winter.
Strong correlations were observed between levoglucosan
and mannosan at the four sampling sites, indicating that
both species originated from the same source, that is,
biomass burning emission. In addition, the high LG/MN
ratios suggest that the biomass burning aerosol was possibly
affected by burning of hard wood and likely from field
burning of agricultural residues, such as rice straw, as
well. These findings are critical for more accurate source
apportionment of aerosol pollution in the PRD region.
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Table 7. Comparison of levoglucosan concentrations measured in various Asian countries
City, country PM size
Concentration
(ng m
3) Method used Site type Reference
Beijing, China 10 601960 GC/FID and GC/MS Urban Zhang et al., 2008
Chengdu, Sichuan, China 2.5 79.6 (avg) HPAEC Rural Yang et al., 2012
Maebashi, Japan 2.1 257.5 (avg) GC/MS Rural Kumagai et al., 2010
Sapporo, Japan 2.5 16 (avg) GC/MS Background Aggarwal and Kawamura, 2009
Incheon, Korea 2.5 1.4266.13 GCGC-TOFMS Rural Choi et al., 2012
Bangi, Malaysia 1.5 3920440176 Colorimeter Agricultural area Latif et al., 2011
1.5 4953 (avg) Colorimeter Semi-urban Latif et al., 2011
Mumbai, India 10 69946
4629146
GC/MS Coastal Aggarwal et al., 2013
Singapore 2.5 1.5466.5 GC/MS Urban Yang et al., 2013
Chiang Mai Basin, Thailand 10 3331176 IC Urban/Sub-urban Tsai et al., 2010
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